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Abstract 
Machining of aluminum oxide Al2O3 can be classified as challenging by reason of its brittle and high tensile material behavior. Moreover, 
conventional processes for machining ceramics, e.g. using laser beam or lapping, are typically associated with lower material removal rates and 
high manufacturing costs. Cutting using water abrasive jet enables cutting of ceramics due to exceedingly low process forces and machining 
temperatures. In addition to the actual cutting process, surface structuring can be carried out using a reflecting jet by a specific adjustment of 
process parameters. In this context, water abrasive fine jet machining is up-and-coming due to better charge and higher precision. These factors 
allow the insert of the smallest geometries which either cannot be manufactured by primary shaping or are suitable for manufacturing only to a 
limited extent. This article describes how a process design is being executed concerning productivity and machining precision by using an 
analysis based on the method of the Design of Experiments (DoE). The most influencing parameters become apparent, such as water pressure, 
abrasive flow rate or path offset. The parameters allow a specific process dimensioning in terms of material removal rate, surface roughness 
and depth of penetration. Furthermore the investigations show a high reproducibility of the results using appropriate process parameters. The 
study illustrates that the use of the water abrasive injector fine jet permits a precise and highly efficient insertion of surface structures into 
ceramic materials. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
Based on the development of new and difficult to machine 
materials, the water abrasive jet has gained considerably in 
importance. In particular, the machining of materials, which 
must not be exposed to high machining forces or temperatures, 
is a key area for experimental research. 
One exploratory focus is the machinability of high 
performance ceramic materials. As a result of the hardness and 
brittle behavior of this family of materials, the workpieces 
cannot be machined accurately and efficiently by other 
machining strategies disregarding abrasive waterjet 
machining. 
Compared to other machining processes, the abrasive 
waterjet can be applied for different machining procedures, 
namely two-and three-dimensional cutting, milling, turning, 
drilling, structuring or polishing [1]. Presently, the most 
common application of the abrasive waterjet is cutting. 
According to the quality requirements, especially the cutting 
speed, water pressure and the abrasive flow rate is being 
adapted. 
In addition to water abrasive jet cutting, there is the surface 
structuring process by water abrasive jet. Depending on the 
application, in the majority of cases the aim is to remove not 
required material in a short time by manufacturing surface 
qualities as good as possible. In this connection, it is possible 
to produce several shapes and patterns, depending on the 
working parameters and the moving path. 
During the surface structuring process the main task is to 
predict and handle the depth of cut in a small tolerance range 
© 2014 Published by Elsevier B.V. Open access under CC BY-NC-ND license. 
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considering the surface roughness and the material removal 
rate [1]. 
Some studies about the surface structuring of high 
performance ceramics by using abrasive waterjet with 
conventional beam diameter show the influence of abrasive 
particle size, standoff distance, water pressure, line offset and 
traverse speed [2, 3, 4].  
Aluminum ceramics have become important workpiece 
materials due to their notable material properties in fields like 
biological [3] and electrical industry [3, 5], measurement 
technology or mechanical and plant engineering [6]. 
The investigations of Zeng and Kim [7] show that 
aluminum oxide ceramics are prone to network cracking 
because of fractures induced by impact mechanisms. The 
impact of the waterjet on the workpiece surface, the so-called 
liquid lock, does cause a stress peak due to a high 
compressive load [8]. Because of a technically necessary 
forerun of the waterjet previous to the injection of the 
abrasive material, there is a pure liquid lock of water on the 
material. At that moment, the risk of crack formations is very 
high. For that reason and due to the fact that the generated 
waterfog during surface structuring impairs slideways and 
electronic components, the water pressure for manufacturing 
the surface of aluminum oxide has to be adapted. 
Until now, no research activities are known which deal 
with machining of high performance ceramics using the water 
abrasive fine jet. In this paper, the fundamentals of the topic 
are established via Design of Experiment. 
2. Equipment, material and pre-experimental stage 
2.1. Equipment and material 
For the practical investigations, a 3-axis abrasive fine 
waterjet machine tool, based on the injector principle, by 
courtesy of ATECH GmbH Chemnitz, was used in 
combination with a radial-piston pump providing a water 
pressure up to 4,000 bar. In contrast to conventional waterjet 
machining centers, where the movement in x-, y- and z-
direction is being implemented by the cutting head, in this 
case the cutting head only moves in vertical direction. The 
horizontal displacement is realized by the motion of the 
working table. Due to this kind of setting, it is not necessary 
to install a water basin for the reduction of the waterjet energy 
after the cutting procedure. Instead, a pointcatcher is being 
used which eliminates a reflection of the beam at the 
conventional working-table grille and thus a damaging of the 
workpiece surface. Moreover, the positioning accuracy can be 
increased to a range smaller than 0.02 mm. 
The cutting head was custom-built especially for fine-
machining. In addition to the gradual reduction of the nozzle 
diameters, a blowout device has been installed to avoid a 
blockage of the waterjet flow inside the mixing chamber, 
which can be caused by low pressure modulations.  
The water nozzle consisted of sapphire and had an inner 
diameter of 0.1 mm. The focus nozzle, with an inner diameter  
Fig. 1. Cutting head composition. 
of 0.3 mm, defined the grain size of the abrasive material. 
Hence, the applied garnet sand was sieved to particle size of 
90-125 μm (equivalent 170-120 mesh). 
The angle-adaption was realized by a triggered motor-
powered rotational table adapted to the machine (Fig. 2). 
Thereby the machining angle could be set in 0.05 degree 
pitches during the machining process which was useful for the 
calibration of certain machining angles.  
In contrast to conventional abrasive waterjet cutting, 
during surface structuring, the abrasive waterjet does not 
pierce through the workpiece. Hence a point catcher for 
eliminating the residual beam energy becomes notionally 
redundant.  
The waterjet gets fully reflected on the surface of the 
workpiece. The reflection causes a disperse fog stowed by 
abrasive particles. The fog implicates a strong pollution of the 
whole experimental equipment. In general, higher water 
pressure does cause more fog. In combination with an 
increase of abrasive particle flow, there is a particular risk of 
damaging slideways and electronic components which has to 
be avoided imperatively. During surface structuring 
applications, precautions have to be taken to avoid these 
deterioration potentials. For that reason, a splash guard in 
form of a rubber curtain around the cutting head was added as 
well as a capture device close to the working zone. 
The workpiece material consisted of 96 % aluminum oxide 
Al2O3, usually used for electronic components such as resistor 
networks, potentiometers, hybrid integrated circuits [5] or 
even for bearing components. The sintered material can be 
master formed with a surface roughness of Ra 0.2-0.8 μm. 
The most important characteristics of the material for abrasive 
waterjet machining are listed in Table 1. 
 
 
Fig. 2. Experimental set-up (excluding splash guard). 
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Table 1. Important characteristics of aluminum oxide (96 %) for abrasive 
waterjet machining [9]. 
Material property Value Unit 
Bulk density 3.75 g/cm³ 
Flexural strength at 20 °C 310  MPa 
Compressive strength 
Young´s Modulus 
Vickers hardness HV1 
2500  
350  
1620 
MPa 
GPa 
- 
2.2. Pre-experimental planning 
Waterjet machining has already been studied for different 
types of materials with the main focus on the cutting process. 
Moreover, some investigations about milling with abrasive 
waterjet, for example on aluminum [10] or Inconel 718 [11], 
have been made. On the basis of these research results and by 
practical pre-tests on aluminum, the influences of different 
process parameters for different response variables were 
determined. 
The main goal of the investigations was to find the 
influences of different parameters on the material removal 
rate (MRR) with the objective of good surface conditions. So 
the most important response variables were the MRR [3, 12, 
13], the depth of cut [3] and the roughness Ra [12]. In this 
paper more emphasis is given to MRR while the surface is 
only analyzed in terms of roughness Ra. 
For the determination of the material removal rate, the 
specimen was weighed before and after machining via the 
precision weight measurement system ME36S, provided by 
Sartorius AG. Afterwards, the difference in weight was 
related to the processing time of the pocket. The roughness 
and the depth of the pocket were evaluated by the roughness 
measurement device Mahr Surf GD25. 
On the basis of the studies discussing the kerf geometry, a 
strategy for manufacturing was assessed to create a predefined 
removal of the aluminum oxide. A linear feed motion of the 
abrasive waterjet with a particular parallel offset, as described 
in [2] and [3], has proved to be useful. The waterjet angle in 
feed direction, investigated by Wang in [14] on a different 
kind of aluminum oxide, was defined to be a held-constant 
factor of 90° upright the feed direction.  
First of all, the kerf width as a function of the working 
parameters and the cutting head assembly had to be analyzed 
for the testing material. In general, the distance of 
approximately 0.6 mm between the tip of the focus nozzle and 
the surface of the workpiece has exposed to be the best 
configuration for abrasive fine waterjet cutting. To reduce the 
impact of abrasive particles on the cutting head, the standoff 
distance d (see Fig. 3) was scaled up to 1.0 mm and defined as 
held-constant factor. Due to the reflection and diversion of the 
abrasive waterjet, it cannot be assumed that the kerf width is 
almost equal to the diameter of the focus nozzle, as it is like at 
abrasive waterjet cutting. As a consequence of stream 
mechanisms on the workpiece surface, which is not examined 
in detail in this study, and the high water pressure of the 
waterjet itself, the beam gets pushed aside laterally and in the 
opposite of the feed direction inside the manufactured kerf. In 
addition to the abrasive process itself, this factor does also 
influence the kerf geometry. 
For successful planning and logical experimental 
execution, as proposed in [15], a pre-design guide sheet 
following the lead of Palumbo et al. [16] was utilized. 
3. Experimental design and set-up 
3.1. Experimental design 
In this screening experimental stage a fractional factorial 
design 25−1 was adopted. It is a resolution V design (with a 
defining relation of I = ABCDE and design generator 
E = ABCD), so no main effect or two-factor interaction is 
aliased with other main effects or two-factor interactions. 
However, each main effect is aliased with a four-factor 
interaction, and each two-factor interaction is aliased with a 
three-factor interaction [17]. 
The adopted control factors are the following: water 
pressure p (A), nozzle traverse speed vf (B) abrasive flow 
rate m (C), offset distance l (D) and impact angle β (E). 
With the findings at different levels of parameters during 
preliminary tests, a range of the control factor offset distance 
(D) could be determined. The offset is the distance between 
every single motion line of the waterjet and has an important 
effect on the surface conditions. 
The angle β vertical to the feed direction was set to be a 
control factor because of the knowledge that this factor 
changes the geometry of the gap and thus has an influence on 
the overlapping zones of parallel manufactured lines. 
Excluding the control factors, each test was performed 
under the same experimental conditions. 
3.2. Set-up 
The values of the control factors were prerecorded by 
means of pre-tests to eliminate undesired effects, such as 
blockage of the cutting head due to high abrasive volume or 
noise factors. Table 2 summarizes the levels of control factors 
and their settings. 
Fig. 3 shows the implemented machining strategy and the 
relations of adjustable machining factors. It has to be 
considered that for better illustration an overlapping of the 
structured paths is not displayed in the graphic. For the 
investigations, the manufactured pocket size was defined to 
have dimensions of 10 x 5 millimeters. 
Table 2. Limitation values of the control factors.  
Control Factor Label Low (-) High (+) Unit 
Pressure, p  A 1300 1800 bar 
Nozzle Traverse Speed, vf B 2 3 mm/s 
Abrasive Flow Rate, m C 6.38 13.62 g/min 
Offset Distance, l D 0.15 0.20 mm 
Impact Angle, β E 0 15 ° 
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Fig. 3. Left: implemented machining strategy; right: manufactured sample. 
To avoid the influence of the nozzle wear in the analysis, 
the constitutions of the nozzles were observed after every 
testing cycle.  
Table 3 shows the 25−1 design matrix. The coded levels of 
the control factors are adopted from Table 2. Each treatment 
was repeated three times (3 replications), resulting in a total of 
48 experimental runs. The replications of each treatment were 
performed to provide more consistent response repeatability 
during the first experimental study.  
In order to reduce the disturbance of any unconsidered 
noise factor the order of trials was randomized both in the 
treatments and in their replications. 
4. Statistical analysis of results 
Since three-factor (and higher) interactions are negligible, 
the experimental 25−1 design provides reliable information of 
main effects and two-factor interactions. The ANalysis Of 
VAriance (ANOVA) was applied in order to test the statistical 
significance of the main effects and the two-factor 
interactions for roughness Ra and depth of cut. The analysis 
was carried out at a 95 % confidence level (i.e. α = 0.05). 
Diagnostic checking was successfully performed via graphical 
analysis of residuals. The influences of the control factors for 
roughness Ra and depth of cut are shown in Fig. 4 and Fig. 5, 
respectively, using Pareto charts of standardized effects 
(α = 0.05). 
Table 3. Matrix for the 25−1 design. 
Treatment A B C D E = ABCD 
I + - + - + 
II - + - - - 
III + - - - - 
IV + + - - + 
V + - + + - 
VI - + + - + 
VII - - + - - 
VIII + + - + - 
IX - - - + - 
X + + + - - 
XI + - - + + 
XII - - + + + 
XIII - + + + - 
XIV - - - - + 
XV - + - + + 
XVI + + + + + 
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Fig. 4. Pareto chart of standardized effects (α = 0.05) for roughness Ra. 
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Fig. 5. Pareto chart of standardized effects (α = 0.05) for depth of cut. 
The main effect of a factor is defined as the change in 
response produced by a change in the level of the factor. 
When the difference in response between the levels of one 
factor is not the same at all levels of the other factors, there is 
an interaction between the factors. 
Regarding roughness Ra, Fig. 6 and Fig. 7 show its main 
effects and interaction effects, respectively. The significant 
terms (α = 0.05) for this response variable are all the main 
effect terms and the two-factor interactions between impact 
angle and offset (DE), impact angle and traverse speed (BE) 
and impact angle and pressure (AE). 
The interaction plots show that the level of the off-set (D), 
traverse speed (B) and pressure (A) have less influence on the 
roughness at low level of impact angle (E). 
In terms of depth of cut, Fig. 8 and Fig. 9 show the main 
effects and interaction plots, respectively. The significant 
terms (α = 0.05) for this response variable are the main effects 
of pressure (A), traverse speed (B), abrasive flow rate (C), 
offset (D) and the two-factor interactions between traverse 
speed and abrasive flow rate (BC) as well as pressure and 
impact angle (AE). 
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Fig. 6. Main effect plots for roughness Ra. 
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Fig. 7. Interaction plots for roughness Ra: (a) DE, (b) BE, (c) AE. 
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Fig. 8. Main effect plots for depth of cut. 
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Fig. 9. Interaction plots for depth of cut: (a) BC and (b) AE. 
5. Technological interpretation of results 
In general, high water pressure causes a large cutting depth 
and thus a higher roughness of the surface (see Fig. 8 and 
Fig. 6, respectively). This factor can be attributed to the lower 
kinetic energy with increasing cutting depth, which for 
example can also be seen at the feed marks in the lower areas 
of the cutting line during water abrasive jet cutting. In the 
interaction plot Fig. 7c it can be seen, that the impact angle 
(E) does marginally change the surface roughness when using 
a water pressure (A) of 1,300 bar. At a pressure (A) up to 
1,800 bar, the surface roughness becomes worse with an 
impact angle (E) of 15°. It can be assumed that on the one 
hand, there is a better material removal because of different 
flow conditions and accordingly a higher cutting depth with 
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higher surface roughness. At an impact angle (E) of 0°, the 
arrival angle to the surface is 90°. When the waterjet strikes 
the surface, the kinetic energy of the waterjet partially gets 
absorbed due to the reflecting water. As a result, there is a 
smaller cutting depth with better surface conditions. On the 
other hand, the maximized water pressure (A) causes a 
reflecting waterjet with high kinetic energy, which has an 
influence on the surrounding surface. At an impact angle (E) 
of 15°, there is probably no surface softening on the already 
manufactured surface because the water reflects towards the 
unmanufactured offset-direction.   
As expected, the cutting depth is strongly affected by the 
traverse speed (B). A slow-moving machining induces a 
higher cutting depth but simultaneously higher surface 
roughness (see Fig. 8 and Fig. 6, respectively). The highest 
erosion of material takes place at a low feed rate and a high 
impact angle due to the factors mentioned above. It has to be 
deliberated about whether the surface roughness conditions 
are adequate.  
The Pareto chart in Fig. 4 shows, that, besides the water 
pressure (A), the offset distance (D) is one of the most 
influencing parameters on the surface conditions. In general, 
it can be reported that a low offset distance (D) has a positive 
effect on the roughness. 
On the basis of the results of the statistical analysis, it can 
be assumed that the treatment VII, whose level of factors are 
(A) 1,300 bar, (B) 2 mm/s, (C) 13.62 g/min, (D) 0.15 mm and 
(E) 0°, is the best of the investigated parameter range in order 
to achieve good surface quality (Ra = 14.2 μm) with a 
simultaneously high value of MRR and depth 
(MRR = 7.6 mm³/min; depth = 0.44 mm). For better surface 
conditions at similar pocket geometries, it will be necessary to 
adapt cutting parameters for finishing the surface at a final 
machining step by structuring the surface over again. 
6. Conclusion 
The investigations have shown that a statistical approach 
on structuring surfaces of aluminum oxide by using abrasive 
waterjet is a good way to examine the influences of the 
different adjustable working parameters on the response 
variables. It was also shown that abrasive fine waterjet 
machining is a good way to reproduce several surface 
conditions of filigree and brittle workpieces with notable 
process stability. On the basis of the analysis of the results, it 
is possible to predict the machining results of 96 % aluminum 
oxide, such as depth of cut and surface quality with 
appropriate systems engineering in a reasonable tolerance 
zone. Thereby, the applied method of trial and error will not 
be necessary, which effects a better cost efficiency. This 
method of finishing high performance ceramics may open a 
new range of applications such as medical appliances, bearing 
technologies and more. 
Overall, the research activities are the introduction for a 
new manufacturing process. For further investigations it will 
be useful to focus on the parameter range round treatment VII. 
To enhance the process, it will also be necessary to establish 
more control factors in future investigations, e.g. the variation 
of abrasive particle size and material, or to switch the parallel 
offset motion to different machining patterns. 
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